The purpose of this study was to understand bacteria profile modification and its applications in subsurface biological operations such as biobarrier formation, in situ bioremediation, and microbial-enhanced oil recovery. Biomass accumulation and evolution in porous media were investigated both experimentally and theoretically. To study both nutrient-rich and carbon-sourcedepleted conditions, Leuconostoc mesenteroides was chosen because of its rapid growth rate and exopolymer production rate. Porous micromodels were used to study the effects of biomass evolution on the permeability of a porous medium. Bacterial starvation was initiated by switching the feed from a nutrient solution to a buffer solution in order to examine biofilm stability under nutrient-poor conditions. Four different evolution patterns were identified during the nutrient-rich and nutrientdepleted conditions used in the micromodel experiments. In phase I, the permeability of the porous micromodel decreased as a result of biomass accumulation in pore bodies and pore throats. In phase II, starvation conditions were initiated. The depletion of nutrient in the phase II resulted in slower growth of the biofilm causing the permeability to reach a minimum as all the remaining nutrients were consumed. In phase III, permeability began to increase due to biofilm sloughing caused by shear stress. In phase IV, shear stress remained below the critical shear stress for sloughing and the biofilm remained stable for long periods of time during starvation. The critical shear stress for biofilm sloughing provided an indication of biofilm strength. Shear removal of biofilms occurred when shear stress exceeded critical shear stress. A network model was used to describe the biofilm formation phenomenon and the existence of a critical shear stress. Simulations were in qualitative agreement with the experimental results, and demonstrate the existence of a critical shear stress.
INTRODUCTION
Biomass accumulation and evolution affect the performance of subsurface biological operations, such as in situ bioremediation (Rittman, 1994) and microbial-enhanced oil recovery (MEOR) (Donaldson, 1991) . Biomass accumulation on solid surfaces in porous media leads to biofilm formation, which can cause a decrease in permeability of the media (Lappan and Fogler, 1996) . This permeability decrease affects the biological activity by changing nutrient flow pathways and bacterial transport (Cunningham et al., 1991; Peyton, 1996; Vandevivere and Baveye, 1992) . It is necessary, therefore, to understand the mechanisms of biomass accumulation and evolution of flow pathways to better control nutrient loading rates and bacterial transport in porous media.
A biofilm is composed of a network of extracellular polymers (exopolymers) and embedded cells. In the presence of the proper nutrient, cells within a biofilm can undergo replication and produce biopolymers (or exopolymers), both of which result in expansion of the biofilm (Bryers, 1984; Dols et al., 1999) . As the biofilm expands due to cell growth and biopolymer production, it spreads on the surface and its thickness increases. In a flow system, however, biofilms are susceptible to sloughing (biofilm detachment) as a result of the shear stress applied by the fluid flowing over the biofilm. Studies on biofilm sloughing have found that it is affected by the thickness, density, and strength of the biofilm (Bakke et al., 1984; Kreikenbohm and Stephen, 1985; Rittmann, 1982) . The strength of the biofilm can change, as exopolymer gels are formed due to the hydration and crosslinking of biopolymer chains. The calculated critical shear stress was used as an indication of the strength of biofilm strength under conditions in which the bacteria in the micromodel were starved.
Although most biofilm research has been conducted under nutrient-rich conditions, studies on biofilm evolution without cell growth under nutrient-poor conditions are rare (Tan et al., 1994; Taylor and Jaffé, 1990) . Biofilms in the subsurface often experience nutrient-poor conditions not only because of economic considerations for nutrient termination, but also due to constriction in the flow path of nutrient solution. Consequently, a fundamental understanding of the effects of bacterial starvation on biofilm evolution is required.
In this study, biofilm evolution was investigated under bacterial starvation conditions. Leuconostoc mesenteroides NRRL B-523 was used for this study because of its rapid growth and ability to form exopolymers, and also because of its potential applications to subsurface operations, such as microbial-enhanced oil recovery (Xiu-Yuan and Wang, 1991) . The permeability of the porous media decreased as a result of biomass accumulation during nutrient injection. The results are reported in terms of the permeability ratio, K/K o , which is the ratio of the permeability at time t to the initial permeability as a function of dimensionless time. The dimensionless time (pore volume injection, PV) used in this study is the product of time, t, and the flow rate through the system divided by the fluid volume in the system. When the permeability ratio decreased to a predetermined value, a phosphate-buffered saline solution was injected to initiate starvation. Biofilm evolution under nutrient-rich and -poor conditions were monitored in a porous micromodel. Changes in the permeability ratio and biofilm morphology during growth and starvation were used to describe the evolution of biofilms under bacterial starvation conditions.
MATERIALS AND METHODS
Micromodels were used to determine how the biofilm affects permeability under nutrient-poor conditions. The inoculant cells for these experiments were grown in a growth medium overnight, and then concentrated by centrifuge (5500g for 15 min at 4°C). The growth medium was a phosphate-buffered saline solution with yeast extract (11.1 g/dm 3 ), NaCl (0.07 M), NH 2 Cl (0.06 M), CH 3 COONa (0.06 M), ascorbic acid (0.5 g/dm 3 ), trace minerals, and the carbon source (a combination of glucose and fructose, 0.1 M). The combination of glucose and fructose can maintain cell growth without inducing the production of exopolymers. The trace minerals were prepared by individually dissolving MgSO 4 и 7H 2 O (12.3 g/mL), FeSO 4 и 7H 2 O (1.39 g/mL), and MnSO 4 (0.85 g/mL) in D.I. water to make stock solutions. Each stock solution (2 mL) was added to 1 dm 3 of phosphate-buffered saline solution. The final concentration of trace minerals in both the growth and the starvation medium was 12.7 M for MnSO 4 , 10 M for FeSO 4 и 7H 2 O, and 100 M for MgSO 4 и 7H 2 O. For starvation, the same phosphate-buffered saline solution with the same concentrations of trace minerals was used for the growth medium but without carbon sources. The experiments were performed at 25°C in a laminar hood.
A micromodel was used to visualize the biofilm morphology and movement during cell injection, growth, and starvation in porous media (Fig. 1) . The micromodel is formed by etching a mirror image on each of two glass plates, which are then fused together to create a two-dimensional network of flow channels that simulate porous media. Details of the micromodel production procedure can be found elsewhere (Chatenever and Calhoun, 1952; McKellar and Wardlaw, 1982) . The net surface charge of the glass is negative and, if untreated, the surface is water-wet. The heterogeneous pattern was used for the network lattice in which the porethroat-size distribution generated using a random number generator ranged from 30 to 100 m. The pore bodies were approximately 300 m in diameter. The random number generator assigns pore throat size based on a normal Gaussian distribution. Experimental measurements of mean and standard deviation of pore diameters in natural ceramic cores were used as a basis for the Gaussian distribution. The internal pore volume of the micromodel was measured to be 0.3 mL.
The etched pattern used for the micromodel has a network of large pore spaces (pore bodies) connected by narrow constrictions (pore throats), as suggested by Wardlaw (1976) . This idealization is based on the observation that the void space in natural porous media is an arrangement of converging and diverging channels with a distribution of sizes (Dullien and Dhawan, 1974) . We used twodimensional triangular geometry (coordination number 6) for this study, as shown in Figure 1 . This two-dimensional geometry has been used previously to study particle entrapment (Rege and Fogler, 1987) and carbonate acidizing (Hoefner and Fogler, 1988) . The same geometry has been used for the network model, as described in the Discussion section, which can minimize the deviation between computer simulation (using network model) and experiments (using the micromodel).
The micromodel is connected to a syringe pump for fluid injection at a constant flow rate. A stereo-zoom microscope (Olympus SZ-CTV) connected to a CCD camera is placed over the micromodel to observe the biofilm in the pore space (Fig. 2) . A VCR connected to the CCD camera was used to record the biofilm morphology and movement. The entire system was pressurized using nitrogen gas at 20 psig in order to prevent CO 2 gas bubbles from forming during the fermentation. A differential pressure transducer was used to monitor the pressure drop across the micromodel. A schematic of the complete micromodel experimental system is shown in Figure 2 .
The centrifuged inoculum was injected from the outlet line of the micromodel to avoid cell growth and blockage within the inlet line. When the inoculum reached the midpoint of the micromodel, all inlet and outlet lines were closed. After 1 h, the inoculum was flushed out by injecting yeast extract solution at a flow rate of 0.5 mL/min from the inlet to the outlet. Following inoculum flushing, a sucrose nutrient solution was injected at 0.02 mL/min to grow cells and produce exopolymers in the micromodel. When the permeability ratio was decreased to a predetermined value, namely 0.9, 0.5, 0.02, or 0.01, the nutrient was switched to buffer solution (no carbon sources) to initiate starvation.
RESULTS AND DISCUSSION
Sucrose induces L. mesenteroides NRRL B-523 (ATCC 14935) to produce dextransucrase, which decomposes sucrose into glucose and fructose. Dextransucrase also polymerizes glucose molecules into insoluble dextran by linking glucose through 75% ␣-1,6-and 25% ␣-1,3-and ␣-1,6-glucosidic bonds (Jeanes et al., 1954) . Details of the growth kinetics and exopolymer production mechanism can be found elsewhere (Dols et al., 1999; Lappan and Fogler, 1994) .
The permeability of porous media decreases as bacterial cells grow, and exopolymers are produced, thereby reducing and plugging the pore space. The changes in permeability were calculated using Darcy's law:
Under the condition of constant flow rate, Eq. (1) can be used to determine the ratio of the permeability at any time t to the initial permeability, K/K o , from measured values of the pressure drop ratio, ⌬P o /⌬P:
This ratio, K/K o , was reported as a function of dimensionless time, which is the number of pore volumes (PV) of fluid passed through the micromodel. The pressure drop across the micromodel and the biofilm morphology were monitored during both nutrient injection and starvation. The pressure drop was measured every minute throughout the entire experiment and converted to the permeability ratio using Eq. (2). The biofilm morphology observed in the micromodels demonstrated the biofilm accumulation during nutrient injection and biofilm stabilization during starvation.
The permeability ratio is a function of the properties of porous media (porosity, range of pore sizes, small maximum pore radius, surface properties, etc.) (Taylor and Jaffé, 1991) . However, in this study, we focused on two important permeability ratios in the biomass evolution. The first is the permeability ratio at which starvation was initiated, and the second is the ratio at which no further changes in permeability occur (i.e., the final permeability ratio). The permeability ratio at any time t, K/K o , is a function of the amount and integrity of the biofilm, which is in turn a function of the time the biofilm is supplied with nutrient. Figure 3 shows how the permeability ratio, K/K o , changed during the injection of nutrient (cell growth and exopolymer production) and also during starvation. The effects of initiating starvation were tested for the following four pore volumes: 20 PV (5 h, exp. A); 60 PV (15 h, exp. B); 110 PV (28 h, exp. C); and 122 PV (31 h, exp. D). For the case of initiating starvation after only 20 PV, the biofilm did not have sufficient time to evolve and block the pore throats and bodies in order to change the permeability significantly. When starvation was initiated at the other PV, the evolution patterns of the permeability ratio were similar. Before initiating starvation by switching from the nutrient to the buffer solution, the permeability ratio decreased due to cell and exopolymer production generated from sucrose consumption. This production of biomass blocked the pore throats causing alternation in the flow pattern and a decrease in permeability. In this phase, biofilm sloughing is small in comparison with biofilm growth rate causing plugging. After the nutrient feed was switched to the buffer solution to initiate starvation, the permeability ratio continued to decrease as a result of bacterial growth from the remaining sucrose in the inlet line and in the micromodel pores. Once all the remaining nutrients were consumed, the permeability ratio reached a minimum value. The ratio of K/K o then began to increase as a result of removal of the biofilm by sloughing in the micromodel, thereby opening up some of the pore space for flow. After some sloughing the permeability ratio reached a value at which it remained constant throughout the rest of the experiment; that is, (K/K o ) final .
Figures 4 and 5 show micromodel images for two conditions in switching to a buffer solution (i.e., starvation) when the permeability ratio, K/K o , reached 0.5, and another when the ratio reached 0.02 [i.e., (K/K o ) starve ‫ס‬ 0.02]. For each of these experiments, the micromodel images showed no significant change during the buffer solution injection (20 days, or 1920 PV) . From the enlarged image, the biofilm colonies were observed not only to be formed on the porethroat surfaces of the micromodel, but also to fill in pore bodies (Fig. 6 ). These biofilm colonies were distributed throughout the downstream half of the micromodel. No biofilm formation was observed in the upstream half of the micromodel. Table I summarizes: (1) the number of pore volumes injected up to the point where starvation was initiated by switching from the nutrient to buffer solution; (2) the permeability ratio when starvation was initiated, (K/K o ) starve ; and (3) the final permeability ratio, (K/K o ) final . The final permeability ratio decreased as the number of pore volumes of nutrient injection (PV) before switching increased due to time allowed to develop more biofilm in the pores.
From the general trends observed in each experiment, four phases were identified for the biomass evolution process during nutrient injection and starvation (Fig. 7) . In phase I, the permeability decreases due to biomass accumulation in the pore bodies and pore throats. In this phase, the biomass accumulation rate is greater than the rate of biomass removal by shear (sloughing). In phase II, starvation conditions are initiated, and the permeability ratio continues to decrease because of continued growth of cells due to the nutrient already in situ. This depletion on in situ nutrient results in a slower biofilm growth. In phase III, all in situ nutrients have been consumed and there is no more biomass growth, and only biomass sloughing occurs. Consequently, after the nutrients are consumed, the permeability ratio increases in phase III due to biofilm shear removal, which partially opens the pore space, thereby reducing the shear stress on the biofilm. In phase IV, the permeability ratio levels off because sufficient pore space has been opened up so that the shear stress is no longer sufficient to remove any biomass from the pore space. The shear stress at which sloughing no longer occurs is defined as the critical shear stress and gives an indication of the strength of biofilm against shear. Therefore, when the shear stress is larger than the critical shear stress, biofilm is sheared off and as a result the permeability increases. Likewise, when the shear stress is smaller than the critical shear stress, the permeability remains constant in this phase. The experiments were terminated because of two reasons. First, L. mesenteroides was sometimes transferred to the inlet flow line or the entrance area of the micromodel resulting in cell growth in these areas (inlet line contamination). In this case, the experiment must be terminated because the measured pressure drop no longer represents the biomass accumulation in the micromodel. The inlet line contamination was due to the long duration of the experiments, and the injection solution (nutrient, or buffer) had to be refilled periodically. During the refilling process, the syringe pump had to stop, and some cells diffused toward the inlet area. In some instances, a small pressure oscillation during the refilling process forced cells to move to the inlet area, resulting in the inlet line contamination. The second reason for termination of the experiment is based on evidence we obtained in batch experiments. No biopolymer degradation was observed in the patch experiments for a maximum 2 years (Kim and Fogler, 1999) , which indicates that biopolymer accumulated in the micromodel is stable for a long period of time.
Balance Equations
Biofilm growth and removal was simulated using a network model that parallels the micromodel apparatus (Fatt, 1956; Hoefner and Fogler, 1988) . The balance equations for cell, 
The product, kЈa, in Eq. (8), combines the mass transfer coefficient, kЈ, and the mass transfer flux area, a, and was estimated to be 12.5 (±1.5) h −1 by Lappan and Fogler (1996) .
Rate Laws
An in situ growth model (Lappan and Fogler, 1994 ) was used for cell growth and exopolymer production. Cell maintenance is neglected in this model:
r enzyme production = k f x (10)
where:
The parameter values used in the rate laws are summarized in Table II . 
Sloughing
The first-order biofilm detachment expression given by Rittmann (1982) was used for shear removal:
where B sloughing is the weight of biomass sloughing. The detachment rate coefficient, ␤, was determined from a leastsquares analysis to be ␤ ‫ס‬ 0.16 h −1 with an R 2 value of 0.83. The rate of biomass sloughing in each pore bond is greater than zero only when the shear stress on the biofilm is greater than the critical shear stress:
Permeability Ratio
The last component of the model is to determine the permeability ratio as a function of time. This relationship can be developed by relating the changes in pressure drop caused by biomass buildup in the pore throats using the Hagen-Poiseuille equation:
with a mass balance for pore body, i:
where Q ij is the flow rate from node i to node j through a pore radius of r ij . P i and P j are the pressure in pore bodies i and j (Fig. 8 ). Using the cell and biopolymer concentrations ( x and id ) and the biofilm density, the volume of the biofilm was calculated as:
where m represents the weight of a single cell estimated to be 5.2 × 10 −7 g. The biofilm volume described in Eq. (20) can be updated by calculating pore radius, r 2 , using Eq. (21) and Eq. (22). The biofilm thickness, L f , is calculated using Eqs. (22) and (23):
After the bond diameters are assigned, the pressure drop at each node is calculated for a constant inlet flow rate. The boundary conditions are such that the pressure in nodes on the inlet face are equal, the pressure at the nodes in the last column are all equal to zero, and the sides of the array use periodic boundary conditions. As illustrated in Figure 8 , a mass balance for each node, Eqs. (19) and (18), provides a set of linear algebraic equations that can be solved simultaneously to give the pressure drop at each node, from which the pressure drop across the network can be calculated. For an n × n network, this approach results in n 2 linear algebraic equations, one for the pressure at each node. The solution of the equations yields the pressure drop at each node, and from this the flow rate can be calculated. The pressure drop, ⌬P, across the network is used for calculating the network permeability using Eq. (2). We now only need to determine the decrease in pore throat radius as a function of time.
Model Algorithm
The set of differential equations describing biofilm growth and evolution, Eqs. (3)- (23), was solved using the Livermore Solver for Ordinary Differential Equations (LSODE) software package for each pore bond in the network model with periodic boundary conditions assigned to the sides of the network array. The partial differential equations were spatially discretized to reduce them to ordinary differential equations using the Method of Lines technique (Schiesser, 1991) . The inlet sucrose and yeast extract concentrations were 15 g/dm 3 and 10 g/dm 3 at a constant flow rate 0.02 mL/min. Biomass sloughing (i.e., biofilm detachment) is considered to affect permeability. Eq. (16) was used to describe biofilm sloughing in the simulation. The parameter values used in simulation are given in Table II . Figure 9 illustrates the biofilm evolution model for a pore bond with an initial radius of r o . For each time step, the concentrations of cells and biopolymer were updated, and a new biofilm thickness was calculated using the concentrations of cells and biopolymer and the biofilm density. The biofilm density, , was estimated as 92 (±4.6) g/dm 3 by measuring the weight and volume of solid biomass after centrifuging a biomass suspension from a batch reactor for 15 min at 4000g. From the solution to Eqs. (3)- (15), we can obtain the concentration of the cells ( x cells/dm 3 ) and exopolymer ( id g/dm 3 ) in biofilm as a function of time. This increase in concentration can be related to the decrease in pore radius (and permeability) using Eqs. (20)-(23). For each time step, it was assumed that the bond is an essentially cylindrical reactor with a sucrose concentration equal to that of its originating pore body. Because diffusional effects of sucrose are neglected, sucrose availability was also assumed to be constant for all biofilm layers. After the new biofilm thickness, L f , was calculated for each pore radius, r ij , biofilm sloughing resulting from shear in the pore was calculated using Eq. (16). The shear stress in each pore bond can be calculated using Eqs. (21) and (22) for the pore space diameter, r 2 , as shown in Figure 9 (Bird et al., 1960 ):
Because of this shear stress, biofilm is sheared off when is greater than the critical shear stress. The weight of biomass sloughing, B sloughing (g/dm 2 ), is calculated using Eq. (16). Therefore, the volume of biomass detached, V det , and a new radius after sloughing, r 3 , can be calculated (Fig. 9) :
The new radius after sloughing, r 3 , was used to update the permeability ratio, and was used for the next time step. For each time step during starvation, the shear stress in each pore bond was calculated, and compared with the critical shear stress. If the shear stress was greater than the critical shear stress, the biofilm sloughing was calculated from Eq. (16) (i.e., r 2 increased), whereas no biofilm sloughing occurred (i.e., no change in r 2 ) when the shear stress was smaller than the critical shear stress. The critical shear stress was determined by varying the final permeability ratio, (K/K o ) final , in the simulation to match the experimental results. The calculated critical shear stresses are given in Table III .
To simulate the cell growth and biofilm accumulation using an in situ growth model in a network model, the initial biofilm thickness and the initial cell concentration in the biofilm needed to be specified. During the inoculation phase in the micromodel experiments, centrifuged cells were injected into the micromodel and remained shut in for 1 h before being flushed out with the yeast extract solution. The concentration of the centrifuged cells (C x ) were measured as 1.2 × 10 11 (±6.3 × 10 10 ) cells/dm 3 using a Coulter counter. The cell concentration deposited on the surface was calculated using the rate equation for cell transport from bulk phase to solid surface:
Eq. (27) neglects cell growth during inoculation, and C x was assumed to be constant during inoculation. The cell transport coefficient, k 1 , was estimated to be 1.48 × 10 −4 h −1 (Lappan and Fogler, 1996) . The concentration of deposited cells after 1 h was calculated as 8.16 × 10 7 cells/dm 3 from Eq. (27). This deposited cell concentration in the inoculation phase was used as an initial cell concentration for in situ growth simulation. The measured concentration of initially deposited cells had a relatively wide range of error due to fast cell growth during the inoculation and the difficulties in measuring a small number of deposited cells compared with the large bulk cell concentration. The estimated initial cell deposition fell into the measured range of concentration.
Simulation Results
The simulation results for the case of starvation when K/K o reached 0.02, (K/K o ) starve ‫ס‬ 0.02, are shown, along with (Lappan and Fogler, 1994) .
b Estimated using batch experimental data (Lappan and Fogler, 1994) . experimental data, in Figure 10 . Although the simulation results represented the decrease of permeability ratio during nutrient injection, it did not demonstrate a constant final permeability ratio, (K/K o ) final , as was observed in the experiments. Instead, the permeability ratio increased continuously, but at a slow rate. To incorporate the resistance of the biofilm to shear stress during starvation, the critical shear stress was used in the starvation simulation. By incorporating the average critical shear stress, the simulation results are consistent with the experimental data (Fig. 11) . The average pore velocity at critical shear stress was estimated for each data set using the (K/K o ) final : 3.63 × 10 −5 for exp. A; 5.38 × 10 −5 for exp. B; 2.81 × 10 −4 for exp. C; and 4.12 × 10 −4 for exp. D. An increase in critical shear stress with nutrient injection was observed in the micromodel experiments. This result indicates that biofilm becomes more resistant to sloughing when a longer pulse of nutrient is applied before initiating starvation. As can be seen in Figure 12 , the biofilm in the micromodel is an aggregation of cells embedded in a gel matrix. The biofilm becomes more resistant to shear stress as the gelation of exopolymers occurs (Christensen and Characklis, 1990) . As the nutrient feed continues, the biofilm near the surface wall (base film) becomes denser than the biofilm near the liquid interface. An increase in biofilm density with biofilm depth was also reported by Christensen and Characklis (1990) . In their study the biofilm density of the base film (biofilm close to solid surface) was approximately three times larger than that of surface film (biofilm close to liquid layer). This density difference between base film and surface film means that newly produced biofilm at the liquid interface is less dense than the base film. Therefore, the surface film is more susceptible to shear stress because of the low density of the biofilm and insufficient gelation. This lower density of surface film explains the permeability evolution observed in the micromodel experiments. As shown in Figure 3 , the permeability ratio (K/K o ) continued to decrease even after the nutrient was switched to buffer solution, and then, after reaching the minimum, it increased until it leveled off. This evolution pattern of the permeability ratio indicates that the biofilm formed after switching the nutrient (newly produced biofilm) did not have sufficiently strong binding, and was sheared off easily. The sloughing of surface film results in a final permeability ratio, (K/K o ) final , close to that when the nutrient was switched and starvation initiated, (K/K o ) starve . Figure 13 shows the network representation of biofilm evolution generated by the computer simulation. These structures are in qualitative agreement with the micromodel images obtained experimentally (Figs. 4 and 5 ). In the mi- cromodel experiments, the increase in biofilm mass causes the pore throats to become more constrictive as more biofilm accumulates. Likewise, pore bonds containing more biofilm in the network representation are indicated by thicker, darker lines. As shown in Figure 13 , the pore bonds became thicker and darker during nutrient injection, and the bond structure showed no change after nutrient feeding switched to a buffer solution feeding, which corresponds to the constant final permeability ratios observed in the experiments.
CONCLUSIONS
Biomass accumulation and evolution under starvation conditions was investigated using micromodels and network model simulations. Four different evolution phases were observed and identified in the micromodel experiments. The experimentally observed decrease in permeability was a result of biomass accumulation in pore space (phase I). After termination of the nutrient feed to initiate the starvation conditions, the permeability ratio continued to decrease due to nutrients remaining in the system (phase II). However, after the remaining nutrients were consumed, the biomass formed during phase II was sheared off, resulting in an increase in some radii and in permeability (phase III). In phase IV, the permeability ratio leveled off because flow velocity was not large enough to shear off any more of the biofilm from the pore bonds.
Micromodel has demonstrated that it is a useful tool for observing biomass accumulation and evolution in porous media. Biomass was observed to accumulate mostly in the pore bodies, but as the nutrient feeding continued it accumulated in the pore throats. Visualization of biomass in porous media using micromodels made it possible to study the mechanisms of biomass accumulation and movement during nutrient and buffer solution injection, and evolution of flow paths in porous media. It was also shown to be possible to place the concentrated inoculum in a desired area without contaminating the inlet line that eventually causes the inlet line plugging.
The critical shear stress provides an indication of biomass strength. As exopolymers in biomass become denser and form a gel, the biofilm resistance near the surface wall (base film) to shear stress becomes greater, resulting in greater critical shear stress.
A network model was used to simulate biomass evolution. Simulations using critical shear stress were found to be in excellent qualitative agreement with the experimental data obtained during starvation.
The biomass evolution pattern observed in the experiments, and the evolution model with critical shear stress, can be used for better control and prediction of the permeability of porous media under various nutrient conditions. 
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